The effects of the photosystem II herbicides diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea) and atrazine (2-chloro-4ethylamino-6isopro-pylamino-s-triazine) on the photosynthetic membranes of a cyanobacterium, Aphanocapsa 6308, were compared to the effects on a higher plant, Spinacia oleracea. The 'Abbreviations: atrazine, 2-chloro-4-ethylamino-6-isopropylamino-striazine; DCPIP, 2,6-dichlorophenol-indophenol; azidoatrazine, 2-azido-4-ethylamino-6-isopropylamino-s-triazine; B, secondary electron acceptor in PSII, Q, primary electron acceptor in PS II. the primary acceptor Q, thus making it inaccessible to reduction by Q (12). Trypsin treatment of chloroplast thylakoids and PSII particles (7, 11) has resulted in the proteolytic modification of a 32-kD protein and the concurrent loss of herbicide sensitivity, thus implicating a 32-kD protein as the herbicide receptor (11). In addition, a photoaffmity label, ["C]azidoatrazine, has been shown to bind specifically to a 32 to 34-kD protein in chloroplast thylakoid preparations (15) .
membranes. The concentration of herbicide that caused 50% inhibition of electron transport (Ii0 value) in Aphawcapsa membranes for diuron was 6 .8 x 10-' molar and the 150 value for atrazine was 8.8 x 10-8 molar. 14C-labeled diuron and atrazine were used to investigate herbicide binding with calculated binding constants (K) being 8.2 x 10-8 molar for atrazine and 1.7 x 10-7 molar for diuron. Competitive binding studies carried out on Aphwwcapsa membranes using radiolabeled 114Clatrazine and unlabeled diuron revealed that diuron competed with atrazine for the herbicidebinding site. Experiments involving the photoaffinity label 14Clazidoatra-zine (2-azido4ethylamino--isopropylamino-2-triazine) and autoradiography of polyacrylamide gels indicated that the herbicide atrazine binds to a 32-kilodalton protein in Aphanocapsa 6308 cell extracts.
A number of commercially important herbicides have been shown to inhibit PSII electron transport in higher plants and algae. Diuron was shown to inhibit 02 evolution in Scendesmus (5) and s-triazines were shown to act at the same place in Ankistrodesmus (16) . More recently, investigations have demonstrated that there is a direct correlation between the binding of various herbicides, including atrazine3 and diuron, and the inhibition of electron transport in Spinacia oleracea (spinach) (22) and Senecio vulgaris L. (13) . In addition, these investigations showed that diuron competes with atrazine for the herbicide-binding site in both plants (13, 22) . Fluorescence induction experiments (17) and trypsin treatment of chloroplast thylakoids (20) and PSII particles (1 1) 'Abbreviations: atrazine, 2-chloro-4-ethylamino-6-isopropylamino-striazine; DCPIP, 2,6-dichlorophenol-indophenol; azidoatrazine, 2-azido-4-ethylamino-6-isopropylamino-s-triazine; B, secondary electron acceptor in PSII, Q, primary electron acceptor in PS II. the primary acceptor Q, thus making it inaccessible to reduction by Q (12) . Trypsin treatment of chloroplast thylakoids and PSII particles (7, 11) has resulted in the proteolytic modification of a 32-kD protein and the concurrent loss of herbicide sensitivity, thus implicating a 32-kD protein as the herbicide receptor (11) . In addition, a photoaffmity label, ["C]azidoatrazine, has been shown to bind specifically to a 32 to 34-kD protein in chloroplast thylakoid preparations (15) .
Most photosynthetic cyanobacteria, or blue-green algae, are sensitive to PSII inhibitors. Several investigations of the effect of herbicides on electron transport in cyanobacteria concluded that the herbicide diuron acts on the oxidizing side of PSII, rather than on the reducing side as in higher plants (6, 19) . More recent studies of the inhibition of photosynthetic electron transport by diuron in the photoheterotrophic cyanobacterium Aphanocapsa 6714 have concluded that diuron acts at the same step in cyanobacterial electron transport as in that of higher plants (4) . In addition, a correlation was found between diuron sensitivity and the presence of a 33-kD polypeptide in Aphanocapsa 6714 cell extracts (3) .
In the present study, the herbicide receptor site of the photosynthetic membranes of the photoautotrophic Aphanocapsa 6308 was investigated, utilizing many of the techniques employed in the characterization of inhibitor binding to higher plants. The MgCl2 in a Waring blender at low speed. The resulting suspension was strained through cheesecloth and then centrifuged at 2,000g for 5 min. The pelleted chloroplasts were resuspended in 20 mm Tricine-NaOH buffer, pH 7.8, containing 5 mM MgCl2 and left on ice for 5 min. After centrifugation at 2,000g for 5 min, the pelleted stroma-free thylakoids were resuspended in 50 mm sorbitol. The Chl concentration was determined using its extinction coefficient and the A652 nm of 80% (v/v) acetone extracts (2) .
Aphanocapsa Membrane Preparation. All procedures were carried out at 4°C. Cells were harvested by centrifugation at 5,000g for 15 min and washed in 50 mm Tricine-NaOH buffer, pH 7.5, containing 5 mM MgC12. After further centrifugation at 5,000g for 10 min, the cells were resuspended in Tricine buffer and broken with a Yeda press at 1,750 p.s.i. The broken cell suspension was diluted in buffer, pH 7.5, containing 10 mm Tricine-NaOH, 10 mM NaCl, 10 miM MgCl2, and 100 mm sorbitol. Cell debris was removed by centrifugation at l,000g and the remaining supernatant was centrifuged at 27,000g for 10 min to pellet the photosynthetic membranes. The cell debris was washed in the second buffer and the centrifugations at l,000g and 27,000g were repeated several times to increase the yield of the photosynthetic membranes. The membranes were resuspended in the 10 mm buffer for further assays. The Chl concentration was determined by reading the A663 nm in 80%o (v/v) acetone (10) .
Electron Transport Assays. Electron transport assays were carried out by measuring photoinduced absorbance changes (As nm) in the dye DCPIP with time with a Gilford 240 spectrophotometer.
Reaction mixtures contained 5 ,ug Chl/ml, 5 mM NH4Cl, 10 mM MgCl2, 50 mm Na,K-phosphate (pH 6.8), 100 mM sorbitol, and a DCPIP concentration giving a final AW nm of 0.4 to 0. (9) .
Gels were soaked in 22% (w/v) PPO in dimethyl sulfoxide, followed by drying onto filter paper (9) . The gel and x-ray film were wrapped in aluminum foil and kept at -80°C for 2 to 4 weeks before the autoradiogram was developed. Mol wt were determined using standards on each gel followed by graphing of the log of the mol wt of the standard versus the distance traveled on the gel.
RESULTS
Electron Transport Studies. The effect of the PSII herbicides diuron and atrazine on the photosynthetic electron transport activity of isolated Aphanocapsa 6308 membranes and spinach stroma-free thylakoids was determined by measuring the decrease in electron transport activity as a function of increasing concentration of herbicide added to the reaction mixture. Addition of diuron to both Aphanocapsa 6308 membranes and spinach thylakoids decreased the rate of DCPIP reduction, indicating a decrease in the rate of electron flow through the photosynthetic electron transport chain (Fig. 1) . The Iho concentration, defined as the herbicide concentration resulting in a 50%o inhibition of photosynthetic electron transport, was calculated from these data. Table I shows that the diuron ho concentrations of 5.0 x 10-9 M for spinach thylakoids and 6.8 x -9 M for Aphanocapsa 6308 membranes are very similar. The atrazine ho concentration of 8.8 x 10-8 M for Aphanocapsa membranes is significantly higher than the diuron h5o concentration.
Herbicide-Binding Studies. Binding studies using radioactively labeled herbicides can be used to characterize directly the amount of bound inhibitor, the binding constant of each inhibitor, and the number of inhibitor-binding sites for each inhibitor at equilibrium (13) . The amount of diuron or atrazine bound to isolated Aphanocapsa membranes increased as the amount of free diuron or atrazine added to the reaction mixture increased (Fig. 2) . Binding constants and the maximum number of available binding sites can be calculated from double reciprocal plots of binding data. Double reciprocal plots of the data in Figure 2 are shown in Figure 3 . They intercept is a measure of the number of inhibitor binding sites on a Chl basis, the number of binding sites per 'photosynthetic unit' (13) . For Aphanocapsa 6308 membranes, the number of atrazine-binding sites was calculated to be 375 nmol Chl/nmol atrazine bound, while the number of diuron-binding sites was found to be 295 nmol Chl/mol diuron bound (Table I) . The binding constants, K, as calculated from the x intercept, were 8.2 x 10-8 M for atrazine and 1.7 x 10-7 M for diuron (Table I ). The binding of atrazine or diuron to spinach stroma-free thylakoids was analyzed in the same way as for Aphanocapsa 6308 (Table I) .
Competition experiments between labeled atrazine and unla- Figure 3 and values for 150 were determined from data shown in Figure 1 . ND, not determined. most purified membrane fraction (Fig. 6a) . Figure 7 shows the results of labeling the sucrose gradientociated with the purified membrane proteins ofAphanocapsa with the photoaffinity binding studies. label ['4Clazidoatrazine . The however, the conditions of the experiment were different and a different electron acceptor was used. Similarly, the Aphanocapsa 6308 Iho concentration of diuron (6.8 x I0-9 M, Table I ) is also significantly lower than the value reported for Aphanocapsa 6714 thylakoids of 1.5 x 10-7 M (4). In addition to the fact that the experimental conditions were again different, the variation between the 15o values may be due to the fact that 6714 is a photoheterotroph (18) while 6308 is photoautotrophic and therefore likely to have different biochemical properties. That the diuron ILo concentrations for Aphanocapsa 6308 and for spinach thylakoids were similar when determined under the same experimental conditions is evidence that the affinity of diuron for the herbicide-binding site of these two organisms is comparable.
The atrazine-binding constant for spinach (4.0 X 10-8 M, Table   I ) is different from the value of 1.4 x 10-7 M reported (22) , but the same as the value of 4.0 x 10-8 M reported for S. vulgaris L. (13) .
The similarity of binding constants for diuron measured using Aphanocapsa 6308 and spinach in experiments performed under similar conditions as reported in Table I and also the similarity of atrazine constants are further evidence suggesting that the mechanism of herbicide action in the two organisms may be the same. Tischer and Strotmann (22) showed that inhibitor binding is directly related to inhibition of electron transport in spinach chloroplasts so that binding can be used for studies of inhibitorreceptor interaction. If two inhibitors react with the same electron carrier by the same mechanism, binding of one should be competitively affected by the other. Tischer and Strotmann (22) showed that diuron and atrazine act at the same site in spinach chloroplasts by analysis of competition between the herbicides. Figure 4 shows that the same competition takes place in Aphanocapsa membranes, suggesting that the herbicides share a similar mode of action in the two systems. Astier and Joset-Espardellier 
